Thirteen commercial strawberry cultivars were evaluated in side-by-side comparisons in five experiments in organic strawberry production fields in central California. Seven cultivars were common to all five experiments; six additional cultivars were included in one to four of the experiments. Of the seven cultivars that were evaluated in all five experiments, the largest market yield was consistently obtained from Aromas, Seascape, or Pacific. Preliminary analyses detected a strong positive correlation between total fruit yield and the nitrogen status of plants, suggesting characteristics in nitrogen uptake and metabolism may be a significant factor in determining yield of commercial strawberry cultivars tested in organic fields. None of the seven commercially prepared mycorrhizal inoculants tested resulted in an increased marketable fruit yield in organic or nonfumigated fields. However, the effects of the treatments on mycorrhizal colonization and total yield varied among experiments. For example, in one of six experiments, a commercial inoculant increased total yield over the nontreated control but did not influence marketable fruit yield.
Introduction
Strawberry (Fragaria × ananassa Duch.) is an important crop to California's agricultural economy, ranking 9th with an annual value of $862 million dollars (2) . Production in central coastal California represents 39% of the state's total strawberry production. The central coastal region is, likewise, the leader in organic strawberry production in the state and is responsible for 53% of the approximately $12 million California organic strawberry industry (1) . Despite the economic benefit of organic strawberry production, little research has been conducted to optimize yields in this system.
Currently, many high-yielding commercially available cultivars are adapted to the central coast climate (24) . These cultivars were evaluated and selected for yield and fruit quality in chemically intensive conventional systems (15) . These systems include annual soil fumigation with a mixture of methyl bromide and chloropicrin as well as regular applications of insecticides and fungicides (17) . Because of the divergence in methods for pest management in conventional and organic production systems, a growing body of evidence suggests that cultivars bred specifically in organic systems are needed for optimization of these systems (14) . In strawberries, for example, the use of soil fumigation can change the relative performance of strawberry cultivars (16, 17) . This is probably due to differences in the relative tolerance of the cultivars to soilborne plant pathogens (17) . Some strawberry companies select for and evaluate new cultivars in organic and non-fumigated plots, in order to develop optimal cultivars for performance in these environments. However, these proprietary cultivars are unavailable to most California strawberry growers. Cultivars used in other strawberry growing regions have been evaluated in organic fields (5, 21) . However, evaluations of cultivar performance in organic production fields are rare and farmers are left to extrapolate from conventional systems. The first of two main objectives of this research was to compare the performance of strawberry cultivars in organic fields in central coastal California.
As with other crops, strawberries have critical requirements in terms of nutrients. Nitrogen is essential in bud differentiation and flowering but excess nitrogen can lead to soft fruit, late ripening, increased foliage and disease pressure, and lower fruit yield (18) . Phosphorus nutrition directly influences strawberry growth through energy transfer, and phytohormone balance indirectly. Adequate levels of nutrients in strawberry leaf tissues have been assessed in conventional systems in the U.S. (8, 10, 20, 25) and in an organic system in Europe (6), but not in organic systems in California. There are data suggesting that total tissue nitrogen content appeared to better correlate with crop yield than nitrate content in organic systems (C. Shennan, unpublished data), which may relate to higher availability of ammonium than nitrate in these systems (7) . Here we present preliminary data on the nutrient status of strawberries grown in organic systems in California.
The impacts of management practices other than soil fumigation may also be dependant on the cultivar chosen for production. For example, the benefits of microbial inoculants may be expressed in a host-specific manner (23) . In strawberry, inoculation with and root colonization by arbuscular mycorrhizae fungi (AMF) have been shown to increase plant growth, yield, and nutrition (9, 12, 22) , as well as prevent soilborne diseases (19) . However, the benefit is dependant on the strawberry cultivar as well as the AMF isolate used (11) . Few studies have evaluated the benefit of individual AMF inoculants in organic production systems (26) . The second objective of this work was to evaluate the impact of several AMF inoculants on strawberries grown in organic fields.
Evaluation of Commercially Available Strawberry Cultivars in Organic Production Fields
We evaluated the performance of thirteen strawberry cultivars over a series of five experiments. Strawberry cultivars were chosen by organic growers and researchers based on commercial or scientific interest, and were evaluated at three and two certified organic farms in 2000 and 2001, respectively. Farms were located in Monterey, San Benito, and Santa Cruz counties. Strawberry production practices varied among sites according to the growers' standard practices. Seven cultivars (Aromas, Diamante, Douglas, Pacific, Pajaro, Seascape, and Selva) were evaluated in all five experiments. Six additional cultivars were tested in some but not all experiments depending on the growers' interest and the results of the first season. At each site, each cultivar was planted in four replicate, 60-plant plots. Plots were established and evaluated as a split plot design, with half of the plots treated with Endomycorrhizal Inoculant (Bio/Organics, Inc., Camarillo, CA) at the time of planting. Each root system was moistened and dusted with approximately 0.91 g per plant of the inoculant as recommended by the manufacturer. Yield was evaluated from 20 plants in each subplot, once or twice weekly, using a commercial or trained harvesting crew and standard criteria for market quality fruit. Market quality fruit and culls not suitable for fresh market were weighed separately; combined weights were reported as total yield. Total yield represents the potential income gained through sales of fresh market quality fruit as well as income from processed fruit. An analysis of variance (ANOVA) procedure was conducted and means were separated by Tukey's HSD using JMP 4.0.4 (SAS Institute, Cary, NC).
Evaluation of Plant Nutrient Status
Because of the significant differences seen in cultivar performance and the lack of influence of mycorrhizal inoculants in 2000, we evaluated the nutrient status of five cultivars and the soils in which they were grown in 2001. Leaves were sampled three times between March 26 and July 23, which represented the period between initial flowering and late harvest. Following Ulrich et al. (25) , 10 to 15 young-mature leaves were sampled from each plot to make a composite sample. Petioles were detached from leaf blades. Both were dried at 60 to 70°C for 48 h. After grinding, samples were analyzed for total nitrogen (T-N) and total phosphorus (T-P) in leaf blades and nitrate-N (NO 3 -N) in petioles. Nutrient analyses were performed by the Department of Agriculture and Natural Resources Analytical Laboratory, University of California, Davis, CA. Results were expressed on a dry weight basis and statistically analyzed using an ANOVA. Leaf blade T-N and petiole NO 3 -N contents were compared to yield using correlation analysis. For correlation analysis, we used total yield rather than marketable yield because "marketable" criteria differed among growers. We chose the best fit and the simplest polynomial regression to describe the relationships.
Evaluation of Mycorrhizal Colonization
For all experiments, mycorrhizal colonization of transplants was evaluated on 10 plants per cultivar at the time of planting. Throughout the season, colonization was measured on two plants per plot at each sampling time. Roots were gently washed under running water to remove soil and then were cut into 1-cm sections. Roots were cleared and hyphae were stained following published methods (13) . In brief, roots were cleared by treatment in 10% KOH for 2 h at 90°C followed by treatment with 3% H 2 O 2 for 20 min at room temperature. Roots were then acidified in concentrated HCl for at least an hour but commonly overnight. After removing the acid, roots were stained for 20 min at 60°C using trypan blue in lactoglycerin. The number of root sections colonized by AMF was determined microscopically using a line intercept method. The percentage of root sections colonized was calculated from the numbers of root sections examined and colonized. Because the percent data were not normally distributed, the data were arcsin transformed prior to conducting analysis of variance procedures and separation of means with Tukey's HSD; however, the untransformed data are reported. Data were analyzed using JMP 4.0.4.
Evaluation of Commercially Available Mycorrhizal Inoculants on Root Colonization and Yield
Six experiments were conducted to evaluate the ability of commercially available mycorrhizal inoculants to increase yield and AMF colonization of roots. In all six experiments we tested five inoculants: Endomycorrhizal Inoculant (Bio/Organics, Inc., Camarillo, CA), Ascend PA (BioScientific, Inc. Avondale, AZ), EndoNet (Reforestation Technologies International, Salinas, CA), Endos (AgBio, Inc. Westminster, CO), and Strawberry Saver (Plant Health Care, Inc., Pittsburgh, PA). In five of the experiments we tested two additional inoculants: AMFinoc (Microbio, Ltd. Royston Herts, UK) and BioAMF (EcoLife, Corp., Moorpark, CA). Inoculants were applied as root applications or to the planting hole at the time of planting at recommended rates: Endomycorrhizal Inoculant, 0.91 g per plant; Ascend PA, 2.2 ml per plant; EndoNet, 0. Four experiments were conducted in organic fields and two were in a conventional field that had not been fumigated for two years prior to the experiments. For all experiments, mycorrhizal colonization was estimated from two plants per plot at three times during the growing season as described above.
Each experiment was designed and analyzed as a randomized complete block design with blocking over beds using four replicate blocks. Each plot consisted of 30 plants (Aromas or Diamante), 20 of which were monitored for yield. An analysis of variance was conducted and means were separated by Tukey's HSD using JMP 4.0.4 as previously described.
Influence of Cultivar on Yield in Organic Production Fields
In these experiments, inoculation with AMF did not provide any yield benefit (P = 0.20 to 0.76). Because no differences were detected between yields in inoculated and nontreated plots or in the variances of the data at a P = 0.05 significance level, the yield data within each experiment were pooled and reanalyzed. Of the seven cultivars that were tested in all five experiments, the cultivars Pacific, Aromas, and Seascape performed the best. In each of the experiments one of these cultivars had the numerically greatest market and total yields of those seven cultivars (Fig. 1) . In four of five experiments, yields from at least one of these three cultivars were significantly greater than the yields of either Diamante or Selva, which were the most widely planted cultivars during the time of the study. . Cultivar Irvine may be a promising candidate for organic production and needs to be evaluated further. In the one experiment in which it was tested, Irvine had the highest total yield. 
Influence of Cultivar on Plant Nutrient Status
Leaf blades collected in March contained 26 to 35 mg/g T-N that decreased to 17 to 28 mg/g in May and July in both farms (Fig. 2) . At each growth stage, leaf T-N differed significantly by cultivar (P < 0.04), but neither the mycorrhizal treatment (P > 0.2), nor the interaction (P > 0.4) was significant. Regardless of the farm, the cultivars were ranked in the following order of decreasing mean leaf T-N across all sampling dates: Seascape, Aromas, Diamante, Chandler, Pajaro.
On Farm A, leaf T-N did not differ significantly between Seascape and Aromas on two of the three sampling dates. Additionally, on two of the three sampling dates these two cultivars had significantly higher leaf T-N content than did the other cultivars. Similarly, on Farm B, leaf T-N did not differ between Seascape and Aromas on two of the three sampling dates. However, leaf T-N in Seascape was significantly higher than in Chandler, Diamante, and Pajaro on two of three sampling dates while the leaf T-N for Aromas did not differ from Chandler and Diamante on any date. In contrast, leaf T-N in Pajaro was significantly lower than in the other four cultivars on two of the three sampling dates.
Petiole NO 3 -N was high in March (0.67 to 3.96 mg/g), decreased in May, and remained low in July, regardless of farm or cultivar. Again, at each growth stage a significant difference in NO 3 -N was found among cultivars, but there were no differences between mycorrhizal treatments. Regardless of farm, cultivars were ranked in the following order of decreasing petiole NO 3 -N: Aromas, Seascape, Chandler, Diamante, Pajaro. Pajaro consistently showed the lowest NO 3 -N and was significantly lower than Diamante on both farms.
Positive correlations between N status, as measured by either leaf blade T-N or petiole NO 3 -N, and total yields were found across cultivars in each site in different growth stages. The most significant correlation was observed between leaf blade T-N in the early flowering stage and total yield (P < 0.001). This correlation was consistent across farms, whereas correlations of NO 3 -N in petioles in the same stage and the total yields differed between farms (Fig. 3) .
Leaf blade T-P ranged from 2.5 mg/g (Chandler in July on Farm B) to 4.8 mg/g (Aromas in March on Farm A) across all sampling stages and treatments. At both farms, cultivar treatment was significant, but mycorrhizae treatment was not. Among cultivars tested, Aromas showed the highest leaf T-P at both farms (data not shown). 
Influence of Cultivar on Mycorrhizal Colonization
Depending on the year, the impact of inoculation on strawberry root colonization differed. The transplants used in the 2000 season had low levels of colonization that did not differ among cultivars (P = 0.1). However, colonization by AMF increased significantly (P < 0.001) during the growing season. For example, Farm A in 2000 had mean root colonization levels of 27.2, 35.6, and 51.8% in February, April, and June, respectively. In 2000, regardless of the farm or cultivar, inoculation had no effect on the level of subsequent root colonization (P > 0.2). In 2001, Aromas and Pajaro transplants had the highest and lowest levels of colonization, respectively (P = 0.001), but these differences were not detected after planting in organic fields (P > 0.6). Inoculation resulted in significantly greater colonization at both locations when data for all cultivars were pooled prior to analysis (P < 0.008). However, this increase in colonization did not correspond to an increase in yield (P > 0.2).
Influence of Commercially Available Mycorrhizal Inoculants on Yield and Root Colonization in Organic Production Fields
In these experiments, no differences were detected in AMF colonization between inoculated and noninoculated plants (cultivars Aromas or Diamante), regardless of the commercial inoculum used. Levels of colonization on plants treated did not differ regardless of inoculant (P > 0.21; data not shown). Similar to cultivar studies, colonization levels increased over time in all experiments. For example on one farm in 2000, colonization means for all treatments ranged from 11.8 to 17.4%, 37.5 to 41.0%, and 46.1 to 56.8% for samples analyzed in February, April and June, respectively.
No differences in market yield were detected between inoculated and noninoculated plants across experiments (data not shown). In one experiment (Farm A in 2000), plants treated with Agbio had significantly (P < 0.05) higher total yield (32,727 kg/ha) than noninoculated plants (27,272 kg/ha). However, in the five other experiments in which this product was tested, no difference in yield was detected compared to the noninoculated control (data not shown).
Conclusions
We report the first side-by-side comparisons of performance of California strawberry cultivars under organic management. Cultivars Aromas, Pacific, and Seascape were often the top performing cultivars, although Irvine may warrant further testing. This is in contrast to Diamante and Selva, which held the largest segment of the strawberry market during the time of this research. Differences in yield may be due in part to resistance to soilborne pathogens (17) . For example, Aromas is more tolerant of Phytophthora spp. that attack strawberry than are Diamante and Pajaro (3) .
Preliminary analyses detected a strong correlation between yield and the nitrogen status of plants. Interestingly, one of the highest yielding cultivars, Aromas, also had the highest nitrogen status. The role of nutrient status and yield needs to be investigated further. A hydroponic study using a single cultivar (Oso Grande) suggested the inability of strawberry to increase growth and fruit yield in response to increasing nitrate concentration is not due to limitations in nitrate uptake rates, but rather to limitations in nitrate reduction and/or assimilation in plants (4) . However, the characteristics in nitrate uptake and metabolism may vary among cultivars (6) . Further, the present study and other data (18) suggest that the nitrogen status of the plant may be a significant factor in determining yield. Understanding the environmental and genetic factors that influence the relationship between nitrogen status and yield has the potential to influence breeding for this production system.
In these experiments, none of the tested AMF inoculants influenced market yield and only once, increased total yield. Additionally, the inoculants only sporadically increased AMF colonization of roots. Although these inoculants were not effective under the conditions tested here, this does not rule out their usefulness with other cultivars or in other locations. However, these data suggest that naturally occurring inoculum from the field soil and/or transplants were sufficient. Organic production fields might be the source for the inoculum colonizing noninoculated plants as these fields are not fumigated with methyl bromide and chloropicrin as are conventional production fields. Of the transplants evaluated in November 2000 (plants for the 2001 season), approximately 91% were colonized to some degree (0.5 to 39% root length) by AMF. Preliminary data indicate that AMF inoculation did not significantly influence the nutrient and phosphorous status of the plants. Additionally, according to the conventional critical standard, the leaf T-P was sufficient throughout the growth period for all plants (data not shown). These data might explain the ineffectiveness of AMF inoculum in these experiments. This also leads us to recommend that growers consider the P level available in the soil or in applied nutrients prior to considering applications of mycorrhizal inoculants.
